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Exclusive two-pion production near threshold in the collision of a highly virtual photon
with a real one offers a new possibility to unravel the partonic content of hadrons. We
explain the dynamics of this regime, i.e. the separation of the amplitude in terms of partonic
diagrams computable in QCD perturbation theory and generalized distribution amplitudes,
which are nonperturbative functions describing the exclusive transition of a parton pair
into two hadrons. The same quantities also appear in γ∗N → pipiN in the kinematical
regime where the momentum transfer of the nucleon and the invariant mass of the pipi pair
are both small; this allows to extend the QCD analysis of exclusive ρ electroproduction
outside the resonance region of the two produced pions.
1. FACTORIZATION
Factorization is the property that allows the description of a hadronic process in terms
of quarks and gluons. It means the separation of a perturbatively computable subprocess,
dominated by a hard momentum scale, from soft nonperturbative hadron matrix elements.
A well-known example of this is inclusive deep inelastic scattering γ∗p→ X , where the cross
section is given by the imaginary part of the forward amplitude γ∗p→ γ∗p via the optical
theorem. In the Bjorken limit this amplitude can be calculated as a perturbative parton-
photon scattering times a parton distribution in the proton. Parton distributions, which
can be extracted from the structure function F2(xB, Q
2), are universal objects, appearing
in other hard processes like lepton pair production p + p → µ+µ− +X at large invariant
mass, and the production of heavy gauge bosons W or Z.
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Another case of factorization occurs in hard exclusive processes, e.g. meson or pro-
ton electromagnetic form factors, or exclusive electroproduction of vector or pseudoscalar
mesons. For instance, the pion form factor may be written as a convolution of the form
Fpi(Q
2) =
∫ 1
0
dz
∫ 1
0
dz′ ϕ(z;µ2)H(z, z′, Q2;µ2)ϕ(z′;µ2),
where H(z, z′, Q2;µ2) is the perturbatively calculable hard scattering amplitude of a virtual
photon on a qq¯ pair at factorization scale µ2, and ϕ(z;µ2) is the pion distribution amplitude.
In the following we present a further instance of factorization, which opens a new
domain of investigation for the quark structure of hadrons. For further details we refer
to [1].
2. THE PROCESS γ∗γ → pipi
To leading order in αS the scattering amplitude of the reaction γ
∗(q) + γ(q′)→ pi(p) +
pi(p′) at large Q2 = −q2 and small W 2 = (p+ p′)2 can be represented as (see Figure 1)
T µν =
1
2
(vµv′ν+ v′µvν− gµν)∑
q
e2q
∫ 1
0
dz
2z − 1
z(1− z) Φq(z, ζ,W
2;Q2).
Here we use lightlike vectors, v and v′, defining a “plus” and a “minus” direction, which
are related to the photon momenta by
q = (v − v′)Q/
√
2 and q′ = v′ (Q2 +W 2)/(
√
2Q).
z and ζ are the “plus” momentum fraction carried by the quark and by the pi+, respectively:
z =
k · v′
(p+ p′) · v′ , ζ =
p · v′
(p+ p′) · v′ .
The generalized distribution amplitude (GDA) Φq is defined through the soft matrix ele-
ment that describes the qq¯ → pipi transition:
Φq(z, ζ,W
2;µ2) =
1
2pi
∫
dx− e−iz(P
+x−) 〈pi+(p) pi−(p′)| ψ¯(x−v′)γ+ψ(0) |0〉.
2
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Figure 1. γ∗(q) + γ(q′)→ pi(p) + pi(p′) at leading order in αS.
We find that the γ∗γ amplitude is independent of Q2 at fixed ζ and W 2, up to small
logarithmic scaling violation. The leading logarithmic corrections to scaling come from
the evolution of the GDA with the factorization scale µ2. The framework to study this
evolution is the same as the one for standard distribution amplitudes [2]. As in the case
of quark densities one can separate Φq in singlet and non singlet components. The singlet
component mixes under evolution with the gluon GDA Φg, associated with the transition
gg → pipi. This is further discussed in [3].
The process γ∗γ → pipi can be considered as the extension of the pion transition form
factor, γ∗γ → pi0, to a two-pion final state; it may also be seen as the crossed channel of
deeply virtual Compton scattering on a pion target γ∗ + pi → γ + pi.
In electroproduction, eγ → epipi, our process γ∗γ → pipi interferes with bremsstrahlung,
eγ → eγ∗ → epipi. The latter produces pipi in the C-odd channel, therefore it does not
contribute to pi0pi0 production. For a charged pion pair it can be computed from the value
of the timelike elastic form factor measured in e+e− → pi+pi−.
3. THE PROCESS γ∗N → pipiN
At large photon virtuality Q2 and small momentum transfer to the proton the amplitude
for electroproduction of a single meson (pi, ρ, . . . ) factorizes [4] into a hard scattering kernel
Hij and two nonperturbative objects obeying their own QCD evolution equations, namely
a nondiagonal parton distribution [4,5] fi/p(x1, x1−x, t;µ2) and the distribution amplitude
of the produced meson ϕj(z;µ
2):
M = ∑
ij
∫ 1
0
dz
∫ 1
0
dx1 fi/p(x1, x1 − xB, t;µ2)Hij(Q2, x1/xB, z;µ2)ϕj(z;µ2).
The introduction of generalized distribution amplitudes allows to enlarge the scope of
this dynamical description to electroproduction of a nonresonant, low invariant mass pipi
pair [6]. The factorization diagram is shown in Figure 2. This means for instance that
3
nonresonant pipi production (and in particular the pi0pi0 channel absent in ρ decay) should
have the same scaling behavior in Q2 as ρ-production.
p
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Figure 2. Factorization of γ∗ + p → pipi + p at large Q2, small momentum transfer to the
proton and small pipi invariant mass.
4. SUMMARY
The process γ∗γ → pi+pi−, pi0pi0, . . . at large photon virtuality and small c.m. energy
offers a new opportunity to study hadron structure, where factorization of long and short
distance dynamics enables us to extract nonperturbative quantities. It should be experi-
mentally accessible at existing or planned e+e− or eγ facilities.
The same long distance amplitudes also appear in other reactions, namely in exclusive
electroproduction of a meson pair, where it allows an extension of vector meson production
studies. The investigation of these generalized distribution amplitudes complements our
existing tools for the description of hadrons in QCD.
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